Multi-walled carbon nanotubes/Mg-doped ZnO (MWNTs/Zn 1−x Mg x O) nanohybrids were prepared by co-precipitation method, and their photocatalytic activity for methyl orange (MO) was studied. Experimental results showed that Mg-doped ZnO nanoparticles were successfully deposited on the surface of MWNTs under annealing at 450°C and 550°C. The resultant MWNTs/Zn 0.9 Mg 0.1 O nanohybrids had better photocatalytic activity for degradation of methyl orange than pure ZnO: the rates of MO photodegradation were 100 % and 30 % for 1 h, respectively. The enhancement in the photocatalytic activity was attributed to the excellent electronic properties of MWNTs and Mg-doping.
Introduction
Zinc oxide (ZnO) has attracted great interests due to its high optical activity and stability, wide band gap of 3.37 eV, large exciton binding energy (60 meV) at room temperature, low cost and environmental friendliness [1] [2] [3] . Such fascinating properties render ZnO as a promising candidate for the photocatalysis and degradation of various organic pollutants. Unfortunately, there are two major drawbacks for photocatalytic practical application of ZnO. One is that it does not absorb visible light due to its high band gap energy, and the other is that it possesses lower photocatalytic efficiency because of the recombination of photogenerated electron-hole pairs.
In order to utilize solar radiations more effectively, metal and anionic doping were employed previously for improving the photocatalytic activity of ZnO under sunlight irradiation. Among various dopants, Mg 2+ has a ionic radius of 0.57Å, * E-mail: jxccs1934@gmail.com which is very close to the ionic radius of Zn 2+ (0.60Å), therefore, Mg ions have a large solubility in ZnO and ability to replace Zn, but Mg does not give rise to significant changes in the lattice constants [4] . Mg doping can create localized impurity levels by replacing the Zn site of ZnO lattice, or inserting into the crystal lattice of ZnO, resulting in creating localized impurity levels and creating many intermediate energy gaps in ZnO crystal [5] [6] [7] [8] [9] . Therefore, Mg-doping can improve the photocatalytic activity of ZnO nanostructures significantly [10] .
Carbon nanotubes (CNTs) are considered to be an ideal excellent supporting material for catalyst nanoparticles owing to their unique internal structure, high surface area, extremely high mechanical strength, remarkable chemical stability, and outstanding electronic conductivity [11] [12] [13] . As a catalyst carrier, CNTs can not only act as photosensitizers for catalysts [14] but also hinder the recombination of electrons and holes [15] . More importantly, CNTs have a large surface area, and can act as a dispersing agent that prevents catalyst nanoparticles from agglomerating [16] , which results in providing higher active surface area. Thus, CNTs are widely employed to enhance the photocatalytic activity of ZnO nanoparticles [17] [18] [19] [20] [21] .
Although there has been a large progress in the synthesis of CNTs/ZnO composite, CNTs often exist in the form of highly tangled ropes, and are poorly dispersible. Furthermore, it is very difficult to control homogeneity and the quality of ZnO nanoparticles coating the surface of CNTs. In addition, further improvement in the absorption of visible light and increasing optical quantum efficiency are essential prerequisites for boosting photocatalytic activity of CNTs/ZnO composite. In this paper, a facile and efficient approach of treating MWNTs has been developed to support ZnO nanoparticles on MWNTs, and the bandgap of ZnO nanoparticles has been modulated by Mg doping. MWNTs were treated by sodium hydroxide and then a mixture of acids. Subsequently, the surface of MWNTs was decorated with Mgdoped ZnO nanoparticles and the photocatalytic activity of MWNTs/Mg-doped ZnO nanohybrids was studied.
Experimental

Preparation and treatment of MWNTs
MWNTs used in the experiment were prepared by the chemical catalytic vapor decomposition process (CVD) [22] . The inner diameters, outer diameters and length of the prepared MWNTs were measured to be 10 nm, 20 nm and 1 µm, respectively. In a typical treatment, 5g as-prepared MWNTs were dispersed in 500 mL sodium hydroxide (2 mol/L) and refluxed at boiling point for 2 h under stirring. After rinsing with deionized water until the pH value of solution closed to neutral, the NaOHtreated MWNTs were dried at 80°C. In order to remove impurities, these NaOH-treated MWNTs were further oxidized by immersing in a 3:1 mixture of concentrated H 2 SO 4 and HNO 3 and refluxing for 2 h at boiling point, subsequently dispersing in 500 mL HCl solution (2 mol/L) and refluxing for another 2 h at the same temperature. Finally, the MWNTs were dried at 80°C after being filtered and washed with deionized water. The details of treating MWNTs have been described in our previous report [23] .
Preparation of MWNTs/Zn 1−x Mg x O hybrids
MWNTs/Zn 1−x Mg x O nanohybrids were prepared as follows: Firstly, 0.05 g of the MWNTs, treated according to previously described procedure, were added into 100 mL anhydrous ethanol and sonicated for about 15 min, and then 2.2g Zn(CH 3 COO) 2 ·2H 2 O and appropriate Mg(CH 3 COO) 2 ·2H 2 O (the molar ratios of Mg to Zn were 5:95, 1:9, 0.2:0.8, and 0.3:0.7, respectively) were added into the MWNTs dispersed in anhydrous ethanol. Subsequently, an appropriate amount of oxalic acid (the molar ratio of metal ion to oxalic acid was 1.1) was dissolved in 100 mL anhydrous ethanol, and then slowly dropped into the mixture solution of zinc acetate and magnesium acetate, while stirring at 60°C, and a sol was produced. Thirdly, the sol was maintained at 80°C for 48 h to form the precursor. Finally, the resultant precursor was annealed in nitrogen from room temperature to setting temperature at a rate of 5°C·min −1 , and then held at the setting temperature for 2 h. The setting temperature was 450°C, 550°C, 650°C, and 700°C, respectively. For comparison, the ZnO nanoparticles and MWNTs/ZnO nanohybrids annealed at 650°C were prepared under the same conditions.
Characterization
Infrared spectroscopy was performed using a 300E Jasco spectrophotometer at room temperature. X-ray diffraction (XRD) measurements were performed using Philips PW 1710 diffractometer with CuKα 1 radiation. The nature of chemical state of MWNTs nanohybrids was analysed using X-ray photoelectron spectroscopy (XPS) with a Kratos AXIS-165 spectrometer. Scanning electron microscopy (SEM) observations and the energy dispersive X-ray spectroscopy (EDS) were carried out with an S-4800 field emission scanning electron microscope. Transmission electron microscopy (TEM) analyses were conducted on a JEM-3010 transmission electron microscope. Fluorescence spectra measurements were performed for anhydrous ethanol on a Hitachi F4500 fluorescence spectrophotometer at room temperature.
Methyl orange (MO) was used as a model dye to evaluate the photocatalytic activity of MWNTs/Mg-doped ZnO hybrids. In a typical experiment, 50 mg catalyst was dispersed in 200 mL of 20g/L MO aqueous solution. The above reaction mixture was magnetically stirred for 30 min in dark, and then the photoreactions were conducted at room temperature under a high pressure Osram Ultra-Vitalux lamp (100 W, wave length 365 nm) positioned horizontally above the liquid surface (the lamp was placed at about 40 cm above the solution surface). The methyl orange aqueous solution was magnetically stirred throughout the photocatalytic experiment to ensure the full suspension of particles. The experiments were conducted for 60 min with 3 mL sample aliquots extracted every 15 min and subsequently centrifuged at 4000 rpm for 10 min. The decomposition of methyl orange was monitored by measuring the absorbance of the supernatant at 464 nm using TU-2550 spectrophotometer. The degradation ratio was calculated with (C/C 0 ), where C 0 is the initial concentration and C is the concentration of MO in solution at different time.
3. Results and discussion 3.1. Infrared spectrum analysis Fig. 1 shows the infrared spectra of different MWNTs. It can be seen that no peaks are observed in the spectrum of pristine MWNTs (curve a in Fig. 1 ). However, when the MWNTs were treated, many groups were introduced onto their surfaces. There were carbonyl groups revealed at about 1705 cm −1 , oxygen-hydrogen bonds and C=C bonds revealed at about 3427 cm −1 and 1568 cm −1 , respectively, as shown in curve b and curve c of Fig. 1 . It is worth noting that NaOH treatment could enhance the intensity of oxygenhydrogen bonds significantly, which indicates that the surface activity of MWNTs has been further improved. Comparison of the three curves shows that the diffraction peaks become sharper and narrower with increasing temperature of heat treatment, which indicates that the crystallite size increases along with the rise of temperature of heat treatment. Furthermore, no traces of magnesium metal, oxides, or any binary zinc magnesium phases are observed in the XRD pattern. This result illustrates that doping with Mg may replace the Zn site of ZnO lattice, or insert into the crystal lattice of ZnO.
XRD analysis
SEM studies
SEM images of MWNTs/Zn 0.9 Mg 0.1 O nanohybrids annealed at different temperatures are shown in Fig. 3 . As shown in Fig. 3a , it can be found that MWNTs/Zn 0.9 Mg 0.1 O nanohybrids annealed at 450°C are composed of nanowires, and the nanoparticle size is about 10 nm. However, when the temperature of heat treatment was increased to 550°C, the MWNTs/Zn 0.9 Mg 0.1 O nanohybrids were still composed of nanowires but the nanoparticle size changed into about 20 nm (Fig. 3b) . Further increasing of the treatment temperature up to 650°C, resulted in the MWNTs/Zn 0.9 Mg 0.1 O nanohybrids composed of MWNTs and nanoparticles with the size of about 60 nm (Fig. 3c) . In order to analyse the elements present in the nanoparticles on the surface of MWNTs, EDS was carried out, and the ratio of each element is shown in Table 1 . It reveals the presence of Zn, O, Mg, and C, which confirms that the nanoparticles on the surface of MWNTs are Mg-doped ZnO nanoparticles. From Table 1 , we can conclude that the ratio of Zn to Mg increased as the annealed temperature increased, however, the ratio of O to metal element decreased. When the annealing temperature was 450°C, the ratios of Zn to Mg and O to metal were about 7.12 and 1.44, respectively. After increasing the annealing temperature to 650°C, their ratios changed to 9.2 and 0.88, respectively. These results show that the annealing temperature affects the oxygen vacancies and zinc vacancies of ZnO crystal. 
TEM studies
TEM studies further confirmed the successful attachment of Mg-doped ZnO nanoparticles to the walls of MWNTs, as shown in Fig. 4. Fig. 4a shows the TEM image of MWNTs/Zn 0.9 Mg 0.1 O nanohybrids annealed at 450°C. It is evident that the surface of the MWNTs is decorated by a large number of nanoparticles, and the size distribution of the ZnO nanoparticles is narrow, with an average particle size of about 10 nm. Fig. 4b reveals the TEM image of MWNTs/Zn 0.9 Mg 0.1 O nanohybrids annealed at 550°C. It can be observed that the MWNTs are continuously coated by nanoparticles with the size of about 20 nm. When the temperature of heat treatment reached 650°C, not only the particle size of nanoparticles further increased, but also the discontinuity in the coating became apparent, as shown in Fig. 4c . These results illustrate that the size of nanoparticles on the surface of MWNTs increased with increasing the annealing temperature.
XPS analysis
The composition and chemical states of the MWNTs/Zn 0.9 Mg 0.1 O nanohybrid were analyzed using XPS spectra. Fig. 5 displays the O 1s, Zn 2p, and Mg 1s XPS spectra of MWNTs/ZnO and MWNTs/Zn 0.9 Mg 0.1 O nanohybrid annealed at 650°C. It is demonstrated in Fig. 5a that the O 1s core-level spectrum of nanohybrid shows three O 1s peaks and a O 1s peak band. The O 1s peak positioned at the lower binding energy of 529.8 eV has been assigned to O 2− ions in the Zn-O binding of wurtzite structure of ZnO. The two peaks located at 530.2 and 530.8 eV have been ascribed to the added contribution from Zn-O-Mg and Mg-O bonds, respectively. The band located at 532.0 eV is attributed to the Zn-OH bonding, which is in agreement with the previous report of Mg-doped ZnO thin film [24] . From Fig. 5b , it can be seen that the Zn 2p core-level of MWNTs/ZnO nanohybrid has two fitting peaks located at about 1044. 30 [25] . The Mg 1s peak is shown in Fig. 5c . Mg1s peak at 1303.98 eV belongs to the Mg-O bonding in ZnO [26] . XPS measurements combined with XRD results demonstrated that the Mg successfully replaced the Zn site of ZnO lattice.
Decoration mechanism
We presumed that the MWNTs-supported Mgdoped ZnO nanoparticles were attributed to enhance the surface activity of MWNTs by the treatment with NaOH solution and mixture acid. After MWNTs were treated by NaOH and mixture acid, more defects were produced on the walls of MWNTs, which was also favorable for the deposition of nanoparticles on the surface of MWNTs. Fig. 6 displays the HRTEM images of different MWNTs. It can be seen that there is an amorphous layer on the outer layer of pristine MWNTs, as shown in Fig. 6a . After treating MWNTs with NaOH and mixture acid, not only the amorphous layer was eliminated completely, but also some defects on the outer wall of MWNTs have revealed (Fig. 6b) . This result illustrates that the carbon atoms of MWNTs walls were etched by NaOH solution and mixture acid.
In addition, the decorating nanoparticles on the surface of MWNTs can be attributed to the oxygen functional groups, such as carboxyl groups and oxygen-hydrogen groups, facilitating the interaction between MWNTs and oxalate precursor. These oxygen functional groups on the walls of MWNTs can improve the chemical activity and dispersion of MWNTs. Furthermore, these carboxyl groups can form carboxyl group with negative charge in solution, and easily attract Fig. 7) . Hence, MWNTs can uniformly support oxalate precursor by hydrogen bond in ethanol solution. Finally, when the MWNTs/oxalate precursor was annealed at low temperature, the oxalate precursor released CO and CO 2 gas, simultaneosly producing ZnO and MgO, resulting in formation of Mg-doped ZnO nanoparticles accumulating on the surface of MWNTs. The chemical reaction was displayed in equation 3. When the heating time was prolonged, the small oxide nanoparticles nucleated on MWNTs and grew into large oxide crystallites. Therefore, the MWNTs could be decorated by nanoparticles uniformly. However, when the MWNTs/oxalate precursor was annealed at high temperature, the particle size on MWNTs further increased, resulting in MWNTs protruding from the nanoparticles.
MgC 2 O 4 → MgO + CO 2 + CO
Photocatalytic studies
Methyl orange (MO) is a common organic dye with orange color, which is widely used to evaluate the photocatalytic activity of photocatalysts [27] . Fig. 8 depicts the photocatalytic photodegradation efficiency of different samples for MO. The photocatalysts loading content is 0.25 g/L. It is found that the blank test (without any sample) has shown only a small amount of MO degradation. The photoactivity of the MWNTs/Zn 0.9 Mg 0.1 O samples has been enhanced with increasing annealing temperature from 450°C to 650°C. When the annealing temperature increased beyond 650°C, the photocatalytic performance decreased. These results indicate that the optimum annealing temperature is 650°C. This is because the nanoparticles on MWNTs became larger under high annealing temperature, and MWNTs were devoid of nanoparticles, resulting in weakening the interaction of MWNTs and nanoparticles. To study the effect of Mg-doping content on the photocatalytic activity of MWNTs/Zn 1−x Mg x O nanohybrids, we tested the photocatalytic activity of MWNTs/Zn 1−x Mg x O nanohybrids annealed at 650°C, and the result is shown in Fig. 9 . Obviously, the amount of MO degraded by the pure ZnO sample was about 34 % after 60 min, and the MWNTs/ZnO hybrid sample exhibited higher photocatalytic degradation efficiency than pure ZnO sample, which came up to about 58 %. It is worth to note that the photocatalytic degradation efficiency of all MWNTs/Zn 1−x Mg x O hybrids was higher than that of the MWNTs/ZnO nanohybrids sample, in which the amount of degraded MO was about 100 % within 60 min, implying that the photocatalytic ability of MWNTs/ZnO hybrids for MO was improved by Mg-doping. Also, the photocatalytic activity of the samples was enhanced with increasing Mg concentration from 0 to 0.1. As the Mg content increased beyond 0.1, the photocatalytic activity decreased. These results indicated that there was an optimum ratio between Mg element and Zn element for improving the photocatalytic activity, and the optimum mass ratio of Mg to Zn was 1:9. Fig. 10 shows the room-temperature fluorescence spectra of different samples, obtained at the wavelength of excitation of 320 nm. There is a UV peak at about 354 nm on the spectrum of MWNTs (curve a in Fig. 10a ), which comes from the trapping of excitation energy at defect sites of MWNTs and the increasing of energy gap between the lowest empty orbit and the highest occupied orbital of the modified MWNTs [28] . Then, the fluorescence spectrum of ZnO nanoparticle (curve b in Fig. 10 ) shows the UV emission peak at 395 nm, which originates from the exciton recombination corresponding to the near-band edge (NBE) exciton emission of the wide band gap ZnO, namely, the free excitons recombination through excitonexciton collision process. In the fluorescence spectrum of MWNTs/ZnO hybrid annealed at 450°C, there is a UV peak at about 354 nm besides the intrinsic peak of ZnO at 395 nm, as shown in curve c in Fig. 10 . However, the fluorescence spectra of all MWNTs/Zn 0.9 Mg 0.1 O hybrids (shown in curves d, e and f in Fig. 10 ) include an UV emission peak at about 381 nm and a green emission band center at about 500 nm, which can be attributed to the singly ionized oxygen vacancy in the ZnO nanostructures [29] .
Fluorescence analysis
The blue-shift of ultraviolet emission peak is attributed to Mg replacing the zinc site of ZnO lattice, which results in extending the band gap of ZnO towards the deep UV region in the ZnO [30] . Moreover, the blue-shift of ultraviolet emission peak may originate from Moss-Burstein effect, which describes the upward movement of Fermi level with Mg doping [31] . Because the sizes of the samples are much larger than the exciton Bohr radius of 1.8 nm, we think that the blue-shift of green emission peak does not originate from quantum confinement effects, but rather is attributed to Mg replacing the zinc site of ZnO lattice. When magnesium replaces the zinc site of ZnO lattice, oxygen vacancies and electron concentration increase. Generally, as the Fermi level of intrinsic ZnO is inside the conduction band, many electrons generated by Mg dopant locate at a higher Fermi level. Therefore, the radiative recombination of excitons causes a buleshift [32] . Furthermore, the substitution of Zn by Mg makes the polarization of its neighboring O 2− ion decrease, causing the defect band to move towards the ultraviolet [33] . Meanwhile, the Mg-doping can shift the conduction-band and valence-band levels to the same degree in relation to the V O level [34] .
In addition, with increasing doping of Mg in ZnO, we found that the ultraviolet emission peak of ZnO shifted from 395 nm to 381 nm, and the intensity of the green emission peak was greater than that of ultraviolet emission peak. Furthermore, the green emission peak shifted to blue region with increasing the Mg-doping content in ZnO. The blueshift of ultraviolet emission peak is attributed to Mg replacing the site of ZnO lattice, resulting in extending the band gap of ZnO towards the deep UV region of the ZnO. The enhancement of green emission peak can be explained that when magnesium replaces the zinc site of ZnO lattice or inserts into the Zn interstitial, the lattice of ZnO is distorted and forms oxygen vacancies and zinc vacancies, resulting in improving the intensity of green emission peak significantly [35] . These results indicate that some Mg cations in the hybrids are incorporated in the Zn cation sites, and others Mg cations are inserted into the Zn interstitial.
Photocatalytic mechanism
As we discussed above, it has been concluded that the enhancement in photocatalytic activity is attributed to the outstanding electrical property of MWNTs and the defects in the ZnO crystals caused by Mg-doping. When magnesium replaces the zinc site of ZnO lattice or inserts into the Zn interstitial, the lattice of ZnO is distorted and forms oxygen vacancies and zinc vacancies, resulting in creating intermediate energy gap in ZnO crystal. The intermediate energy gap can promote the absorption of photons and create electron-hole pairs. Under UVlight irradiation, the electrons (e − ) in the valence band (VB) of ZnO are excited to the conduction band (CB), leaving holes (h + ) in the VB. MWNTs have a large electron-storage capacity (one electron for every 32 carbon atoms), and it is easy to capture photogenerated electrons (e − ) from the CB of ZnO, hindering the recombination of electronhole pairs. The photogenerated holes (h + ) can migrate to the ZnO surface easily, and directly oxidize the adsorbed MO into CO 2 and H 2 O. Simultaneously, more photogenerated holes can react with adsorbed water to form hydroxyl radical (·OH), which is available to promote the decomposition of MO. Furthermore, the oxygen adsorbed on the surface of ZnO may accept e − and form ·O − 2 , which also leads to the formation of ·OH, resulting in degrading the MO. The process of electron transport in MWNTs/ZnO hybrids and photocatalytic degradation are shown in Fig. 11 . 
Conclusion
In summary, Mg-doped ZnO nanoparticles were successfully decorated onto the surface of MWNTs through the co-precipitation method. It is worth to note that the resultant MWNTs/Zn 0.9 Mg 0.1 O hybrids have very strong green emission, and are proved to be highly active for photocatalytic degradation of methyl orange (MO). This is because MWNTs can act as photosensitizers for ZnO nanoparticles and hinder the recombination of electron-hole pairs. Moreover, incorporating Mg into ZnO can create an intermediate energy gap between the valence and conduction band of ZnO, and promote the absorption of photons, resulting in creating more electron-hole pairs. Accordingly, the synthetic products have a potential application in fields of photocatalysis, sewage treatment and environmental protection.
